The spatial arrangement of plants in a landscape influences wind flow, but the extent that differences in the density of conspecifics and the height of surrounding vegetation influence population spread rates of wind dispersed plants is unknown. Wind speeds were measured at the capitulum level in conspecific arrays of different sizes and densities in high and low surrounding vegetation to determine how these factors affect wind speeds and therefore population spread rates of two invasive thistle species of economic importance, Carduus acanthoides and C. nutans. Only the largest and highest density array reduced wind speeds at a central focal thistle plant. The heights of capitula and surrounding vegetation also had significant effects on wind speed. When population spread rates were projected using integrodifference equations coupling previously published demography data with WALD wind dispersal models, large differences in spread rates resulted from differences in average horizontal wind speeds at capitulum caused by conspecific density and surrounding vegetation height. This result highlights the importance of spatial structure for the calculation of accurate spread rates. The management implication is that if a manager has time to remove a limited number of thistle plants, an isolated thistle growing in low surrounding vegetation should be targeted rather than a similar size thistle in a high density population with high surrounding vegetation, if the objective is to reduce spread rates.
For example, additional research has been called for to addresses the effects of landscape structure on the spread of invasive species . Spatial structure is known to have important effects on invasive spread (Hastings et al. 2005 ). The spread rate of an invading population can depend on the type of habitat it is colonizing (Buckley et al. 2005) or the spatial distribution of disturbance (Bergelson et al. 1993 ). In addition, invasive species that modify soil microbial communities to benefit themselves can under certain conditions increase their spread through such positive feedback mechanisms (Levine et al. 2006) .
Dispersal vectors can also be greatly influenced by spatial structure ( 1987) . In addition to their effects on wind speed, dense foliage can also intercept seeds, physically preventing seeds from traveling further (Bullock and Moy 2004) .
The influences that differences in wind speed caused by different vegetation elements (e.g. conspecifics or other surrounding vegetation) may have on population spread rates of wind dispersed invasive species are unknown. Here, we examine the effects of differences in conspecific density and surrounding vegetation height together on wind speeds, and simulate population spread of two wind dispersed species from varying source environments. Understanding the effects of these factors on invasive spread has the potential to inform management decisions. For instance, optimal management strategies depend not only on plant demography under different growth conditions, but also on expected spread rates (Menz et al. 1980 , Taylor and Hastings 2004 , Shea et al. 2010 in press). In addition, management choices could reduce spread rates by prioritizing the removal of plants most likely to produce seeds that will travel furthest (Buckley et al. 2005 , Harris et al. 2009 ).
The purpose of this study was to examine how differences in horizontal wind speed at seed release height caused by surrounding vegetation height and different numbers and densities of conspecifics affect projected population spread rates for two wind dispersed species of invasive thistles, Carduus acanthoides L. and Carduus nutans L. (Asteraceae). Taller surrounding vegetation, each addition of neighbors, each increase in neighbor density, and lower capitulum heights were predicted to reduce wind speeds at a center focal thistle plant. Increasing numbers and densities of C. acanthoides individuals were expected to lower wind speeds at the focal thistle plant more than identical groupings of C. nutans due to greater branching in C. acanthoides. It was hypothesized that thistle spatial arrangement would affect modeled population spread rates. In order to address these hypotheses, wind speed measurements were taken at capitulum height at a central focal thistle plant in arrays of potted thistles of different sizes and densities of either C. acanthoides or C. nutans in unmown or mown grass under a variety of weather conditions.
Materials and Methods
Study species. C. acanthoides and C. nutans are invasive weeds of Eurasian origin that are of economic concern in North America, as well as other continents (Kelly and Popay 1985, Desrochers et al. 1988 ). Both species are of particular concern in rangelands and pastures, where cattle keep surrounding vegetation low around the unpalatable thistles, in addition to road sides, abandoned fields, and disturbed sites (Lee and Hamrick 1983, Desrochers et al. 1988 ). Both species are monocarpic perennials that exist as rosettes until bolting, when they produce long 1-2 m stems. C. nutans begins flowering earlier in the season and has a shorter flowering period than C. acanthoides The thistles were sorted into three height categories. Three thistles (one from each height category) were randomly selected as focal plants each measurement day, and placed in the center of the plot. Wind speeds were measured upwind of capitula on these plants, either at the top of the plant or towards the center of the plant. Other thistles were randomly assigned spaces around the focal thistle for each of the multiple thistle arrays. The five array configurations tested were individual thistles and square arrays of 8 or 24 plants spaced either pot to pot (stems 23 cm apart) or 1 m apart around the focal plant (see Fig. 1 Prevention of seed escape. Both study species are invasive weeds, so efforts were taken to prevent seeds from escaping. C. nutans capitula were tightly wrapped in fine pollen bag material. C. acanthoides produces smaller, more numerous capitula, so adhesive spray was used to prevent seed release. 
for a visual representation of the experimental design). Densities of arrays

2006). One thousand c* values were simulated for each species and for each permutation of intraspecific density and surrounding vegetation height.
Results Wind speeds. Wind speeds at the patch level differed for different thistle patch arrays and surrounding vegetation heights (Fig. 2; Table 1 ). Wind speeds in thistle patches with high surrounding vegetation were significantly lower than wind speeds in thistle patches in low vegetation (p<0.001, Fig. 2B ). Dense thistle patches with 25 thistles had significantly lower wind speeds than single thistles (p<0.001, Fig. 2C) . Wind speeds were also lower at capitula within the canopy of thistle patches than at the top of thistle patches (p<0.001, Fig. 2D ). Species was not significant as a main effect (p=0.389, Fig. 2A ), but it was important in an interaction between species and surrounding vegetation height (p=0.001, Table 1 ). When the data were reanalyzed without the individual thistle arrays, high density thistle patches had significantly lower wind speeds than low thistle density patches (p<0.001) but array size (9 or 25 thistles) was unimportant (p=0.28). Fig. 3) . Note that these c* values rates were calculated with the same population projection matrix, so differences are entirely due to dispersal characteristics.
and 15% for populations with low vegetation and high thistle density, 63% and 31% for populations with high vegetation and low thistle density, and 72% and 39% for populations with both high vegetation and thistle density (
Discussion
Our results show that even small wind speed differences caused by conspecific density and surrounding vegetation height can greatly affect projected population spread rates for Carduus acanthoides and C. nutans. As vegetation height and density are heterogeneous in the field, understanding differences in seed dispersal and spread arising from such structure is critical for calculating accurate spread rate predictions , Hastings et al. 2005 .
While in general the patterns in the wind speeds we measured followed expectations, there were some notable exceptions. For example, only the thistle patches with the largest number of plants at the highest density had a significant effect on wind speeds at the focal thistle, which were most influenced by patch density. Therefore, low density thistles experience the same horizontal wind speeds as isolated thistles, at least up to the maximum patch size tested. The bushy growth habit of C. acanthoides did not lead to main effects of species on wind speed or interactions between species and arrangement. However, C. acanthoides plants growing in high vegetation had lower than expected wind speeds, causing a large decrease in population spread rates for C. acanthoides populations growing in high surrounding vegetation compared to similar C. nutans populations.
Since population spread rates are projected to be lower in populations surrounded by high vegetation, thistle populations growing in pastures where livestock maintain low surrounding vegetation heights around thistles are expected to have higher population spread rates than similar populations growing in, for example, abandoned fields. Therefore, it is critical that land managers do not leave isolated thistles growing in pastures. If reduction of thistle spread is the objective, then it would be a better use of a land manager's time to remove an isolated thistle growing in a pasture with low surrounding vegetation than to remove a similar thistle growing in dense surrounding vegetation. However, note that if reduction of high abundance is desired, the opposite recommendation may pertain. Such management recommendations hinge also on whether control costs are to be calculated In addition to the effects of source plant density on seed dispersal through changes in wind speed, plant density and population history can also affect seed morphology and bimodal dispersal in plant species with heteromorphic seeds. More beaked Hypochoeris glabra achenes, which have lower terminal velocities that allow them to travel further by wind dispersal, are produced at low parent densities (Baker and O'dowd 1982) . At higher intraspecific densities, a greater proportion of unbeaked achenes are produced, which are more suited to animal vectored dispersal (Baker and O'dowd 1982) . In other species, seed heteromorphism in dispersal capacity can occur along a successional gradient, between island and mainland populations, and with population age (Olivieri and Gouyon 1985, Cody and Overton 1996) . Heteromorphic seeds occur in species belonging to several plant groups, including members of the Asteraceae and the genus Carduus (Imbert 2002) . The extent of heterocarpy in C. nutans and C. acanthoides is unknown, but could influence spread modeling of these species in heterogeneous environments and is a topic for future research.
The models used in this study incorporate heterogeneity of source vegetation, but assume landscape homogeneity. The development of seed dispersal and spread models that incorporate heterogeneity at both the source and landscape scales will be an important direction for future research. At the same time, management could be greatly facilitated by decision making models that incorporate habitat heterogeneity in demography and the action of dispersal vectors ( Additionally, fluid dynamics techniques, such as Particle Image Velocimetry, could be used to obtain a more detailed understanding of wind velocity and turbulence at different capitulum positions for isolated thistles and in sparse canopies (Marchetto et al. 2010b in press). In conclusion, differences in wind speeds at capitula, caused by surrounding vegetation height and conspecific density, can result in large differences in projected population spread rates. Spread models that incorporate greater spatial realism will thus be useful in the study of population dynamics and species management for conservation or invasive species control. apart or 1 m apart had densities of 18.9 thistles m" or 1 thistle m" , respectively.
